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DESIGN CHARTS RELATING TO THE STALLING OF TAPERED WINGS

By H. A. Sourt and R. F. ANDERSON

SUMMARY

As an aid in airplane design, charts have been pre-
pared to show the effects of wing taper, thickness ratio,
and Reynolds number on the spanwise location of the
initial stalling point. Means of improving poor stalling
characteristics resulting from certain combinations of
the variables have also been considered; additional figures
illustrate the influence of camber increase to the wing tips,
washout, central sharp leading edges, and wing-tip slots
on the stalling characteristics. Data are included from
which the drag increases resulting from the use of these
means can be computed. The application of the data to
a specific problem is illustrated by an example.

INTRODUCTION

In the investigation of the stalling of wings, a knowl-
edge of the spanwise location of the initial stall and of
the susceptibility to stalling of the tips is important
because of the connection of these two factors with loss
of damping in roll. A method of calculating the point
along the span of tapered wings where stalling should
begin was given in references 1 and 2. In a later report
(veference 3), the method of references 1 and 2 was
applied to an investigation of the optimum design of
tapered wings, tip stalling being considered.

The present paper extends the previous work to a
survey of tapered wings to determine the manner in
which the spanwise location of the initial stall varies
within the range of wing parameters covered by current
design practice. For the guidance of designers, the
results are presented in the form of charts for three
Reynolds numbers, corresponding to three airplane
sizes with wings having various taper ratios and root-
thickness ratios. As in reference 8, the basic airfoil
sections are the NACA 230 series. The wings were
without flaps and had no sweep.

The various means considered of moving the stalling
point inward were: inerease of the percentage of camber
of the airfoil sections from root to tip, washout, central
sharp leading edges, and leading-edge tip slots. The
effect of these methods of reducing the susceptibility
of tip stalling on airplane performance is discussed.
The use of the charts is illustrated by an example.

CALCULATION AND PRESENTATION OF THE DATA
CONDITIONS FOR THE CALCULATIONS

All the charts were obtained for unflapped wings
having straight taper and rounded tips, as shown in
figure 1, except for two special cases of a wing with a
straight center section that will be discussed later.
The taper ratio 7 is defined as c¢s/c:, where ¢: and ¢s are
shown in figure 1. Taper ratios of 1, 2, and 5 were used.
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FIGURE 1.—T'ypical plan form and thickness variations.

The increase in camber of the airfoil sections from root
to tip, when present, was linear. The camber is given
as a percentage of the chord but will be referred to
simply as “camber.” Washout, when used, was also
linear and was aerodynamic (angular difference be-
tween the zero-lift directions of the root and the tip
sections). The NACA 230 series of airfoil sections
was assumed for the wings without camber increase.
For the cases with camber increase, the NACA
230 series sections were used at the root and the
NACA 43009 section was used at the tips. The
root thickness ratios were 0.12, 0.15, 0.18, and 0.21;
513
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the tip thickness ratio was always 0.09. The thick-
ness ratio is the maximum thickness ¢ divided by the
chord ¢. For all cases, the variation of the actual
thickness along the span was linear. Typical varia-
tions of thickness and thickness ratio are shown in
figure 1.

Three values of Reynolds numbers (4,000,000,

" 8,000,000, and 14,000,000), corresponding to the stall-

ing speeds (without flaps) of three sizes of airplane,
were considered. The Reynolds number was based
on the mean chord, S/b. Typical airplanes correspond-
ing to the three Reynolds numbers would have mean
wing chords of 7, 12, and 18 feet and stalling speeds of
61, 71, and 81 miles per hour, respectively.
SPANWISE DISTRIBUTION OF LIFT COEFFICIENTS

Figures 2 and 3 present the distributions of section
iift coefficients along the span that are necessary for
the determination of the point at which stalling should
start. Figure 2 gives the section lift coefficients ¢;,,

for wings without aerodynamic twist when the wing
lift coefficient Cp is 1.0. For other wing lift coeffi-
cients, the section lift coefficients ¢,, are directly pro-

portional to Oy and may be obtained from
61a= 0[, clal

Aerodynamic twist adds an increment of section lift
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FIGURE 2.—Distribution of lift coefficient over semispan. No twist; Cz, 1.0.
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twist distribution.

coefficient ¢;, that is independent of the wing lift coeffi-
cient. Figure 8 gives section lift coefficients €y, for

wings with 10° washout at G, =0. The effect of twist
is directly proportional to the angle of twist and, for
other values of the angle of twist ¢, ¢;, is given by
€

Cp= —-i-()' szlo
where ¢ is in degrees and is negative for washout. In
the general case, the section lift coefficient ¢, may be
written

ci=cy, 0y,

When there is no twist, of course ¢;,=¢u.

Figures 2 and 3 are based on values from reference 1.
The data in reference 1 can be used to determine the
section lift coefficients for combinations of taper and
aspect ratios other than shown'in figures 2 and 3.

STALLING CHARTS

The calculated point along the span at which stalling
should start is given in figures 4 and 5 for what may be
called basic wings, that is, plain wings without washout
or other means of moving the stalling point inward.
The data are given for the three taper ratios, the four
root thickness ratios, and the three Reynolds numbers.
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summarized in figure 5, which shows the variation of
the stalling point with 1/r. Although only the NACA
230 series airfoil sections were used, the location
of the stalling point should be nearly the same for
commonly used sections.

The rate at which the ¢; and the C1,,,, CUTVES Separate
is believed to be an added indication of the nature
of the stall. The difference between the curves is the
margin between the actual lift coefficient and the stalling
lift coefficient of the sections. Where the margin is
small, a slight disturbance may produce a stall over a
large portion of the wing. As shown in figure 4 (b),
for example, conditions for the wing with a taper
ratio of 5 and a root thickness ratio of 0.21 are probably
less favorable than for the wing with a taper ratio of
5 and a root thickness ratio of 0.15, although the initial
stalling point of the second wing is not so far outboard
as that of the first.

The rectangular wing (taper ratio of 1) is conceded to
have the most desirable stalling characteristics. As
may be observed from figure 4, the initial stalling takes
place at the center of the span and the ¢; and the C10r

curves separate fairly rapidly. Increasing taper tends
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to move the stalling point progressively outboard and
to decrease the stalling margin of most of the rest of the
wing. The relative importance of these two effects
is unknown and both should be kept in mind when
considering stalling characteristics.

The stalling characteristics of tapered wings should
be improved by moving the stalling point inboard and
by increasing the margin between the ¢; and the Cle
curves over the outer part of the wing. Several methods
that have been suggested of moving the stalling point
inboard are the use of: camber increase of the airfoil
section from center to tips, washout, sharp leading
edges at the center, and leading-edge slots.

The effect of a linear increase of camber on the ¢
margin is shown in figure 6 for a typical thickness ratio,
two taper ratios, and three Reynolds numbers. As
will be observed, the increase of camber produces an
Increase of ¢, from root to tip. The camber was
limited to 4 percent at the tips because a greater in-
crease of camber would produce no greater increase of
€1,,,» INO aerodynamic washout is present; that is,
the zero-lift directions of the root and the tip sections
are parallel. As the angle of zero lift of the NACA
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43009 is —2.4° and that of the NACA 23018 is
—1.2°, a geometric washout of 1.2° must be used to
produce zero aerodynamic washout.

The effect of linear aerodynamic washout on the ¢;
margin is shown in figure 7 for the same conditions used
for the wings with camber increase. The ¢;  values

are the same as for the cases with constant camber but
values from figures 2 and 3 have been combined to
obtain the tangent ¢; curves for the given angles of
aerodynamic washout. The effect of combined in-
crease of camber and washout may be inferred from the
curves showing the separate effects (figs. 6 and 7).
The two methods considered thus far of moving the
initial stall inboard consist in making a gradual change
of margin. An abrupt change caused by the effect on
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¢i,,,, may be obtained by the use of sharp leading edges

at the center or by leading-edge slots at the tip. Al-
though the first method reduces ¢, at the center and

the second increases it at the tips, the two methods are
similar in application and in underlying principle. An
illustration of the effect of a sharp leading edge in com-
bination with washout is given in figure 8. The angle
of washout was taken as 1%°. The use of & sharp lead-
ing edge was assumed in order to make the margin at
seven-tenths of the semispan the same as the case of
21° washout of figure 7 (b). The value of ¢, is

maz
assumed to be reduced over a central region to the value
of ¢, Data on the effect of sharp leading edges on the
maximum lift coefficient may be found in references 6
and 7. The data given in reference 8 on the effect of
protuberances may also be of assistance in determining
how to produce a desired decrease in ¢;,,,,.

Figure 8 also provides a comparison of alternate
installations of sharp leading edges and of leading-edge
slots on the same wing. It is of interest to note that the
slot need not extend to the wing tip. The effect of a
leading-edge slot is illustrated for a high taper ratio in
ficure 9. The slot for this case extends from inboard
of the stalling point of the unslotted wing to the tip.
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FIGURE 9.—Efiect of a slot on wing of r=5. Average Reynolds number, 8,000,000;
constant camber; NACA 23018-23009 sections.
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Arbitrary ¢, . values were assumed for the slotted | cient. The increase will be small, however, as a camber
sections for figures 8 and 9 but equal or larger values | increase from 2 to 4 percent produces an increase in the
should be obtainable in practice. Slot lengths neces- | minimum section drag coefficient of only 0.0002.
sary for any of the basic wings may be found by observa- The use of washout affects both the profile-drag and
tion of figure 4. the induced-drag coeflicients. The effect on the profile-
It is not so generally appreciated that, under certain | drag coefficient at low wing lift coefficients will be small;
conditions, the use of a straight center portion may | for example, washout of 5° is calculated to increase
reduce the tip-stalling tendencies of tapered wings be- | Cp, for a Oy of zero only 0.0001. The effect on the
cause of its effect on the ¢; ,_and ¢c;curves. Theeffect of | induced-drag coefficient may be large. For washout of
straight center sections is illustrated in figure 10. The | 5° at a Cf of 0.2, the increase of Cp, will be of the order
wings shown, except for the straight inner 20 percent of | of 0.0010 for a taper ratio of 2. TFigure 11 gives the
the semispan, correspond to two of the wings shown in | data for estimating the change in the induced-drag
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F1GURE 10.—Wings with straight center sections. Average Reynolds number, 8,000,000; constant camber; NACA 23018~23009 sections.

figure 4 (b). The distribution of the additional lift
coefficient may be quickly found for such wings from
reference 1, page 8.

EFFECT ON MAXIMUM LIFT AND DRAG

The various means of increasing the tip margin and
moving the stalling point inward usually affect the
maximum lift coefficient and the drag coefficient. The
magnitude of the effect on the maximum lift coefficient
may be determined as previously mentioned. The
effect on the drag coefficient in the cruising range may
be on cither the profile-drag coeflicient, the induced-
drag coefficient, or both, depending on the device used.
The use of increase in camber with zero aerodynamic

coefficient ACp, produced by linear washout up to 6°.
The values of ACp, were computed from reference 1.
The value of ACp, may be expressed in the form

AODi=k152+k20Le

where k; and %, are constants depending on the taper
ratio and the aspect ratio. Thus, at =0, AC, , In-
creases as the square of the washout angle. As C; is
increased from zero, a further increment of induced-
drag coefficient is added, which is proportional to
and ¢ and has a sign depending on the taper ratio.
Figure 11 shows this effect; AC,, increases as Cf, in-

twist produces an increase only in the profile-drag coefli-

creases for »=5 but decreases for r=1.
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Sharp leading edges and properly designed closable
slots on wings of conventional construction should have
a negligible effect on the profile-drag coefficient in the
cruising range. Fixed slots will increase the profile-
drag coefficient by an amount depending on the
particular installation. The increase may be calcu-
lated if the increments Ac,, added to the section

profile-drag coefficients are known. For a wing with
.0050

T
.0040 7
)t
477 5
00301 Woshout of T I ~
|| 7ip, deg _ e _ =]
6 // . /,-/
0020 —1% ==
4”’ > =1
r ¢ ,,”/— Lt
00/0 — —
L1 —1
L~ 2 ,—-//
B
(2]
o020
&

S

~

Q
N
N

Increment of induced-drag coefficient, AC;, |

0020 :
Aspect rafio ]
S ) 2
00105 6 9 c
3
LT N |
o =SoTS NP A <L
2o
s N e
-.00/0 NS s
: \\\ ST~ T
\*\\ ~~J /
-0020 ™ S
™~
~0030

o 2 4 .6 .8 /1.0 12 14
Liff coefficient. G
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FIGURE 12.—Wing with a slot.

a slot (fig. 12), the increase in the wing profile-drag
coeflicient based on the wing area S would be

2 (v
ACh, =§fm Acg,edy

where ¢ is the chord at any distance from the center.
The value of ACp, can be most conveniently obtained

from the area under a curve of Acy, ¢ plotted against the
semispan. If Ac,) may be assumed constant with
airfoil section and Reynolds number, then ACp,

becomes

AC D0= éégAcdo

where AS is the total wing area behind the slots. To
the increment calculated in the foregoing manner,
another increment probably should be added because
of the effect of the discontinuities at the ends of the
slots, but no qualitative data are available on this
effect. Values of Acy, for a slotted NACA 23012

airfoil are given in reference 9. Considerable variation
is shown, the amount depending on the design char-
acteristics, but the value of ACp, for a half-semispan tip
slot on a wing with a taper ratio of 2 is estimated to be
between 0.0022 and 0.0044. For a wing with a taper
ratio of 5, the value of ACp, should fall between 0.0018

and 0.0035 for the same slot length.
DISCUSSION

-

For convenience in the discussion of the general
trends shown by the charts, the wing variables are di-
vided into two groups. One group includes the basic
variables—taper ratio, aspect ratio, thickness ratio, and
Reynolds number. The other group includes the sec-
ondary variables—camber increase, washout, sharp
leading edges, and leading-edge slots—which are pri-
marily employed to eliminate poor stalling characteris-
tics resulting from certain combinations of the basic
variables.

As expected, the basic characteristic having the great-
est effect is taper ratio. In addition to its effect on the
theoretical lift-coefficient distribution, taper ratio also
affects the ¢, distribution along the span by affecting
the distribution of thickness ratio and of Reynolds
number. The effect of taper ratio on the distribution
of thickness ratio, as illustrated in figure 1 for a root
thickness ratio of 0.18, shows a large increase in thick-
ness ratio toward the tips as the taper is increased. It
may be of interest to note than the #/¢ distribution is
independent of aspect ratio. As the taper ratio is in-
creased, the Reynolds number near the tip is reduced,
which results in a reduction of ¢; . for the most com-

monly used airfoil sections. The effect is greatest for
thin sections and low Reynolds numbers (in the neigh-
borhood of 3,000,000). The combined effects of taper
ratio on the thickness ratio and the Reynolds number
distribution are such that the values of ¢, ,, near the

tips are generally decreased as the taper ratio is in-
creased. Also, for all taper ratios, ¢, tends to de-

crease from root to tip for the wings with thin root sec-
tions and to increase for the wings with thick root
sections.

An increase in aspeet ratio tends to flatten out the ¢;
distribution but, up to the largest value of aspect ratio
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covered in the present study, the effect on the stalling
point should be relatively small.

With regard to the effect of thickness ratio, figure 5
shows that an increase of root thickness ratio beyond
0.15 causes the stalling point to move inward except
for the lowest Reynolds number. The increase of root
thickness ratio also tends to reduce the rate at which
the ¢; and the C1,,,, CUrves diverge inboard of the initial

stalling point (fig. 4). Although a tip thickness ratio
of 0.09 was used for all cases, it is common practice to
keep the thickness ratio constant for rectangular wings;
in that case, ¢;,,, would be constant along the semispan.

The effect of increasing the tip thickness ratio by a
reasonable amount was investigated and was found to
have a relatively small effect; the data therefore are not
given.

An increase in Reynolds number tends to move the
initial stalling point inboard. Figure 5 shows that,
with certain combinations of the other variables, the
effect may be large. As the Reynolds number is mainly
a function of the airplane size, it is apparent that the
means of improving the stall of an airplane of one size
may be unsatisfactory on an airplane of another size.
This difference between large and small airplanes may
account for the contradictory stalling behavior observed
in flight for airplanes of different size having similar
wing plan forms.

As has been previously mentioned, the secondary
variables are employed to move the point of the initial
stalling toward the center of the wing and to provide a
margin between the ¢; and the ¢; , curves near the

tip. Aside from the fact that the stalling should start
sufficiently far inboard that the pilot will have some
warning of the impending loss of rolling stability, either
by a change of elevator-control characteristics or by
vibration of the tail resulting from the turbulent flow
from the wings, nothing definite is known concerning
either the optimum point at which stalling should start
or of the most desirable amount of margin to be pro-
vided near the outer portion of the wing.

For methods that provide a gradual change in the
margin, such as washout and camber increase, the mar-
gin should probably be equal to or larger than that used
in reference 3; that is, the ¢; margin should be at least
0.1 at seven-tenths of the semispan. For the case of an
abrupt and a large change in maximum lift coefficient,
such as produced by slots, conditions will probably be
satisfactory if the slots are extended about one-fourth
of the semispan to each side of the stalling point of the
unslotted wing. More information on this point is
needed. It should be appreciated that, under certain
conditions, the slots may be located somewhat inboard
of the wing tips.

The effect on the location of the stalling point of
linear camber increase to the tips is, as shown by figure
6, relatively small. The effects are similar for the three
Reynolds numbers. For a taper ratio of 2, there is a
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slight inward movement of the stalling point accom-
panied by an increase in margin over the outer part of
the wing. Very little change in the initial stalling
point or margin occurs for a taper ratio of 5, although
the wing maximum lift coefficient appreciably increases.
Camber increase therefore appears to be useful only for
low taper ratios, where the ¢; and the ¢, curves
remain close together over a comsiderable portion of
the wing span.

Washout, although it is expensive from considera-
tions of drag, offers a very effective means of improving
the stalling characteristics of airplanes for which the
performance is not the primary consideration. As
llustrated in figure 7, washout becomes more effective
as the Reynolds number is increased. The value of
the wing maximum lift coefficient tends to decrease as
the washout is increased for a taper ratio of 2 and to
increase for a taper ratio of 5, as would be expected
from a consideration of the shape of the curves of lift-
coefficient distribution in figure 2.

The effect of washout on the induced drag has already
been mentioned; some trends of figure 11, which gives
the induced-drag increment resulting from washout,
are of interest. It will be observed that, for the rec-
tangular wing above a moderate value of wing lift
coefficient, the value of ACp, becomes negative. The
value of Cp, will then be less than for the wing with

no washout because an elliptical span loading is ap-
proached. For the elliptical wing, ACp, does not vary
with Cz. For taper ratios more than about 2, ACh,
increases with C;.

The effect of a central sharp leading edge on the ¢,
margin is shown in figure 8. The margin at seven-
tenths of the semispan is the same as for the case of
2%° washout (fig. 7 (b)). Only a small reduction of
¢1,,,, ot the center is required to permit half the wash-
out to be used and there is only s small reduction of
Ci,..r The use of camber increase would provide a
gain in Cp,; in fact, a combination of moderate
amounts of camber increase, washout, and sharp
leading edge was shown in reference 3 to be the most
efficient combination of these means. In conmection
with the use of sharp leading edges, it is important to
note that the wing lift coefficient is directly affected
by the decrease of ¢; .. caused by the sharp leading
edges.

Although the leading-edge slots are superior to sharp
leading edges from considerations of wing maximum
lift coefficient, they are undoubtedly less advantageous
as regards their effect on the drag and from the diffi-
culty of installation. The automatic or closable type
of slot should produce no increase of drag, but consider-
able mechanical complication is involved. The fixed
type of slot reduces the mechanical complication but
results in an increase of drag and a loss of high speed.

For a given airplane design, the choice of taper ratio
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will depend on both aerodynamic and structural factors.
The structural advantages of high taper are well known;
the stalling problem may, however, be so accentuated
by the use of extreme taper that it may be more expe-
dient to reduce the taper than to employ large amounts
of washout, camber increase, ete. (See reference 3.)
If a choice is to be made between a combination of
camber increase and washout and fixed slots, the charts
indicate that, for a taper ratio of 5, the high-speed drag
would be most affected by camber increase and wash-
out because of the large amount of washout required.
For moderate taper ratios, however, camber increase
and washout should result in a lower drag increase.

Several observations of the action of tufts on wings
have been made with a view to checking the accuracy
of the predicted stalling points. Wind-tunnel observa-
tions, although they indicate no definite stalling point,
agree in showing an outward movement of the stalling
region as the taper is increased. Flight tests of a
single-engine airplane also showed stalling to start near
the predicted point. For multiengine airplanes, how-
ever, comparison of the actual with the predicted
stalling point becomes complicated because of the
effect of the nacelles and the slipstream.

It is appreciated that the present charts do not cover
the entire field of possible variables. Other factors,
such as sweepback, partial-span flaps, nacelle and
fuselage interference, and propeller slipstream, are
known to have a considerable influence on the stalling
characteristics of & wing. At present, theoretical treat-
ment of these factors is insufficiently advanced for use
in the present paper. Because of the importance of
these characteristics, it is recommended that experi-
mental and theoretical work be undertaken to study the
influence of these factors.

APPLICATION OF CHARTS

Although data for all the possible designs for tapered
wings cannot be given it is hoped that enough data
have been given to be useful in design. The appli-
cation of the data is perhaps best illustrated by an
example. Consider an airplane with a wing loading of
23 pounds per square foot and a wing having the follow-
ing characteristics: S/b, 8.3 feet; taper ratio, 3; aspect
ratio, 6; root thickness ratio, 0.165; and tip thickness
ratio, 0.09. A value of O of 1.5 will be assumed,
corresponding to a stalling speed of 77 miles per hour.
The Reynolds number would then be 6,000,000. By
interpolation between the values of Cr . given in
figures 4 (a) and 4 (b), a value of Cg_, of 1.48 is com-
puted, which-is sufficiently close that no further
approximations are required. From figure 5, the
stalling point is found by interpolation to be at 0.65 of
the semispan; this location is considered unsatisfactory
and some means of moving the stalling point inward
must be used.
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For methods of moving the stalling point inward that
provide a gradual increase in margin near the tips, a
¢; margin at seven-tenths of the semispan of 0.15 will
be considered satisfactory. Although figures 6 (a)
and 6 (b) are for a root thickness ratio other than that
used in this example, they indicate that camber increase
alone is incapable of producing the desired margin.
The amount of aerodynamic washout required to give
the desired margin is estimated from figure 7 to
be about 7° between the root and the tip sections. By
extrapolation from figure 11, the increase in the
induced-drag coefficient resulting from this amount of
washout would be ACp,=0.0019 at a cruising Cp of
0.25. The importance of this drag increase is, of
course, dependent on the total airplane drag coefficient.
For an airplane with a drag coefficient of 0.02, the use
of 7° washout would reduce the cruising speed by
approximately 3 percent.

If it is desired to employ only sharp leading edges at
the center, their approximate span and the amount that
they should reduce the section lift coefficient may be
obtained from figure 4. For the example cited, sharp
edges having a length of two-tenths of the semispan
on each side of the center will probably be satisfactory.
In order to provide the specified ¢, margin at seven-
tenths of the semispan, the sharp leading edges should
be designed to reduce by about 0.30 the value of section
lift coefficients of the sections where they are applied.
For these conditions, the wing maximum lift coefficient
should be reduced by 10 percent and the minimum
speed increased by 5 percent. )

On the basis that leading-edge slots, if employed,
should extend one-fourth of the semispan to each side
of the initial stalling point for the wing without the
slots, the slots for the wing of the example should extend
from four-tenths of the semispan to nine-tenths of the
semispan, affecting approximately 40 percent of the
wing area. With this slot, the wing maximum lift
coefficient would be increased by about 4 percent. A
good installation of a closable slot should cause only a
small drag increase. For some of the better forms of
fixed slots, reference 9 gives values of Acy, less than

0.0080. For these fixed slots, the airplane drag coeffi-
cient would be increased by 0.0032. TFor the airplane
previously considered, this drag increase would corre-
spond to a loss of speed of 5 percent.

As previously mentioned, the most efficient arrange-
ment for providing the desired margin against tip
stalling probably is a combination of several of the
foregoing methods. One possible arrangement consists
in a variation of the airfoil section from the NACA
23016.5 at.the root to the NACA 43009 at the tip
with a linear variation of camber and thickness.
Aerodynamic washout of 3° is employed and a sharp
leading edge is applied over the middle 10 percent of
the wing span. The ¢; and the ¢, curves for this

arrangement are given in figure 13.
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FIGURE 13.—Illustration of combined use of washout, camber increasse, and sharp
leading edge. Washout, 3°; NACA 23016.5-43009 sections; average Reynolds
number, 6,000,000; taper ratio, 3; Cr,,,,, 1.51.

When combinations of variables are to be used, Clusazs
€15, a0d ¢;, should probably be plotted for the particular

set of conditions involved. Such plots can be made by
interpolation of the material presented herein or, more
accurately, by the method of reference 2. The pro-
cedure followed in the development of the wing of the
previous paragraph follows: From the value of ¢; _ at

maz
seven-tenths of the semispan, the required margin of
0.15 was subtracted, which determined the value of ¢,.

For this spanwise station, ¢,, was then found from
ci,=¢,—¢y,. The ratio ¢;/c;, at seven-tenths of thg
semispan determined the factor Cp_, by which the

ordinates of the ¢;; curve were multiplied to obtain
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the ¢;, curve. The ¢; curve was obtained by combining
the ¢;, curve thus found with the ¢;, curve. The lift

decrement of the required sharp leading edges was then
determined by the amount required to reduce ¢; _ to

mazr
¢;, as shown in figure 13.
The increase in Cp, resulting from camber increase
and washout will be negligible. The increase in Op;

is small and may be found for the desired taper ratio
by & cross plot from figure 11. At a cruising Cj, of 0.25,
ACp, was found to be 0.0004, which corresponds to a

‘loss of speed of less than 1 percent for the airplane

previously considered.
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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol . .
Unit Ab{l_,)iroe;na- Unit Ab%x:l;/m-
Length. .. ___ [4 meter___ .. . m foot (ormile) oo ft (or mi)
Time.__..____. i second. _ ... _.______ s second (or hour)... ... sec (or hr)
Force.___.__ F weight of 1 kilogram______ kg weight of 1 pound___._. 1b
Power_._.___ P E;)lrsepgwer (mitric) R i T hqi'sepowgr __________ | hp B
ometrers per hour_ . -__ miles per nour.....o.---
Speed- ------ 14 {meters per Second ________ mI;)s feet pgr second_ . ._____ il'gg
2. GENERAL SYMBOLS
Weight=mg v Kinematic viscosity
Standard acceleration of gravity=9.80665 m/fs® p Density (mass per unit volume)
or 32.1740 ft/sec? Standard density of dry air, 0.12497 kg-m—-s? at 15° C
Mass— w and 760 mm ; or 0.002378 Ib-ft~* sec?
ass——g— Specific weight of “standard” air, 1.2255 kg/m® or
Moment ‘of inertia=mk?. (Indicate axis of 0.07651 1b/cu ft
radius of gyration k by proper subseript.)
Coefficient of viscosity
3. AERODYNAMIC SYMBOLS )
Ares % Angle of setting of wings (relative to thrust line)
Area of wing ' Angle of stabilizer setting (relative to thrust
Gap line)
Span Q Resultant moment
Chord Q Resultant angular velocity
2
Aspect ratio, % R Reynolds number, p—? where [ is a linear dimen-
True air speed sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,

standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
. . L of 1.0 m chord, 100 mps, the corresponding
ft t 11 t Or="% T ’
Lift, absolute coefficient C; qS Reynolds number is 6,865,000)
a Angle of attack
Angle of downwash
. D, Angle of attack, infinite aspect ratio
Profile drag, absolute coefficient Cpy=—g % g ' P
Toflie ding, absolute costhiclent Coq a8 ay Angle of attack, induced

D, Angle of attack, absolute {(measured from zero-

Dynamic pressure, :,lz-p V2

Drag, absolute coefficient 0D=q%

m

Induced drag, absolut flicient Cp,——35 Ga
S, absolute coe 248 lift, position)
Parasite drag, absolute coefficient C’D,,=%", v Flight-path angle

Cross-wind force, absolute coefficient 00=QTGSI,
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
S (pa.ralle)l S P b S (Linea.r
: . ym- | to axis . : ym- ositive esigna- ym- compo-
Designation bol | symbol Designation bol direction tiog;1 bol [nent z_al)ong Angular
axis
Longitudinal . ___ X X Rolling_____ L Y—sZ Roll_____ ¢ u P
Lateral ._________ Y Y Pitching__..| M Z—>X Pitch.___| @ v q
Normal__________ Z Z Yawing_.__| N X—>Y Yaw_____ ¥ w T
Absolute coefficients of moment - Angle of set of control surface (relative to mneutral
816 ¢ ! :
O L C.— M _N position), 8. (Indicate surface by proper subscript.)
" gbS ™ geS *gbS
(volling) (pitching) (yawimg)
4. PROPELLER SYMBOLS
D, Diameter . P
P, Geometric pitch . P, Power, absolute coefficient Cp—m
p/D,  Pitch ratio C Speed-power coefficient—- oV
V',  Inflow velocity Y P . P Pu?
Vs  Slipstream velocity KB Efﬁcmnc:,y
. 1, Revolutions per second, r.p.s.
T, Thrust, absolute coefficient Cpr——3 T . . 14
- pn o, Effective helix angle=tan“(—>
Q 27rn,

Q, Torque, absolute coefficient CQ=MTD5

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s=550 ft-1b./sec. 1 1b.=0.4536 kg.

1 metric horsepower=1.0132 hp. 1 kg=2.2046 Ib.

1 m.p.h.=0.4470 m.p.s. 1 mi.=1,609.35 m=>5,280 ft.
1 m.p.s.=2.2369 m.p.h. 1 m=3.2808 ft.
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